Introduction
============

The regeneration of injured periodontium, including the periodontal ligament, cementum and surrounding bone is essential for optimal healing after perforation repair or apical surgery.[@B1] The crucial role of endodontic cement is to seal the root canal system hermetically and to induce the regenerative potential of adjacent tissues. A number of materials have been introduced as perforation repairing or root-end filling materials, but each of these materials has certain limitations. Mineral trioxide aggregate (MTA) has been reported to fulfill many of the ideal properties of an endodontic filling material.[@B2],[@B3] Nevertheless, MTA also has several shortcomings, including poor handling properties and a long setting time, which can cause an initial washout phenomenon.[@B4] Occasionally, MTA also causes inflammatory and necrotic changes in neighboring tissues during hard tissue formation, which implies the need to further develop less toxic and more bioactive agents.[@B5]

Bone morphogenetic proteins (BMPs) are members of the transforming growth factor beta (TGF-β) family, which plays pivotal roles in the commitment and differentiation of cells in the osteoblastic lineage.[@B6] Among the BMP members, BMP-2 is a potent stimulator of osteogenesis *in vitro* and *in vivo*.[@B7],[@B8] Moreover, BMP-2 promotes osteoblast maturation by increasing the expression of certain transcription factors and osteoblast marker genes.[@B9] In our previous study, we showed that BMP-2 reduces the initial cytotoxicity of freshly mixed MTA *in vitro*.[@B10] Several BMPs have been tested experimentally, with the aim of inducing reparative dentinogenesis in dental pulp.[@B11]

During tooth development, cells from Hertwig\'s epithelial root sheath secrete enamel matrix derivative (EMD) onto the newly formed root dentin surface.[@B12] Cementogenesis is a critical event in the repair of endodontic perforations, and EMD has been reported to induce cementogenesis when used for periodontal disease.[@B13] The findings in our other study confirmed the capacity of MTA mixed with EMD to accelerate cementoblastic activity more than MTA alone and that EMD significantly stimulates the mineralization of human cementum-derived cells.[@B14] The results of several previous studies have also suggested the beneficial effects of BMP-2 and EMD on hard tissue repair and regeneration. However, to the best of our knowledge, there has been no study comparing the combined effect of MTA/BMP-2 and MTA/EMD. The purpose of this study was to compare the effects of MTA/BMP-2 and MTA/EMD on promoting hard tissue repair and regeneration in MC3T3-E1 cells.

Materials and Methods
=====================

Cell culture
------------

Murine preosteoblastic clone cells, MC3T3-E1, were used in this study. These cells were obtained from American Type Culture Collection (ATCC, CRL-1427, Manassas, VA, USA). Immediately upon arrival, cells were thawed and suspended in a 100 mm culture dish with alpha minimum essential medium (α-MEM, Gibco, Grand Island, NY, USA). The cells were thawed and suspended in a 100-mm culture dish and cultured in α-MEM supplemented with 10% (v/v) fetal bovine serum (Gibco), 1% (w/v) antibiotics/antimycotics (the stock solution contained 100 U penicillin G sodium/mL, 100 µg/mL streptomycin sulfate, and 0.25 µg/mL amphotericin B, in saline), 1.0 mmol/L sodium pyruvate, 0.1 mmol/L nonessential amino acids, and 1.5 g/L sodium bicarbonate (Gibco) at 37℃ in an a humidified atmosphere containing 5% (v/v) CO~2~. After establishing cultures from frozen cells, they were sub-cultured several times. Confluent cells were detached using 0.25% trypsin in Mg^2+^ and Ca^2+^ free phosphate-buffered saline before use.

Preparation of test materials and cell treatments
-------------------------------------------------

MTA (ProRoot, Dentsply, Tulsa, OK, USA) was mixed aseptically in accordance with the manufacturer\'s instructions and then packed into a Teflon mold of 9.5 mm in diameter and 2 mm in thickness. They were allowed to set for 24 hours in a humidified incubator at 37℃ and then placed on the bottom of the culture plate inserts (Millicell, Millipore, Bedford, MA, USA) of six-well culture plates, which had a membrane pore diameter of 0.4 mm. They were then rinsed three times with 70% ethanol and immersed in serum-free Dulbecco\'s modified Eagle\'s Medium (DMEM, Invitrogen, Carlsbad, CA, USA, 2 mL/well) for an additional 72 hours. EMD gel (Emdogain, Straumann, Basel, Switzerland), a commercial preparation of porcine fetal EMD, was diluted in sterile distilled water to a concentration of 100 µg/mL.[@B13] One µg of recombinant human BMP-2 (R&D Systems, Minneapolis, MN, USA) was used in each well for the BMP-2 group.

The cells were seeded onto six-well culture plates at an initial density of 5,000 cells/cm^2^. After 24 hours of incubation, the cells from each group were subjected to different treatments as described below and incubated for 3 or 7 more days. EMD and BMP-2 were placed on the set MTA specimen for groups 5 and 6, respectively.

Group 1. media and insert only (negative control)

Group 2. EMD

Group 3. BMP-2

Group 4. MTA

Group 5. MTA and EMD

Group 6. MTA and BMP-2

Alkaline phosphatase (ALP) staining
-----------------------------------

MC3T3-E1 cells were seeded onto 24-well culture plate at a density of 50,000 cells/well and incubated for 24 hours. And set MTA specimen on the inserts in MTA-containing groups and other agents such as BMP-2 and EMD with or without MTA also were treated to the cells and were cultured for additional 7 days. The mineralizing medium was replaced every other day. ALP staining kit (86R-1KT, Sigma-Aldrich, St. Louis, MO, USA) was used under the instructions of manufacturer. Sodium nitrate solution 1 mL and FRV-alkaline solution 1 mL were mixed and incubated for 2 minutes at room temperature. The mixed solution was diluted with 45 mL of double distilled water and supplemented with 1 mL of naphthol AS-BI alkaline solution resulting in alkaline-dye mixture. The cultured cells were washed with cold phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde for 30 minutes at room temperature. After the fixation procedure, the cells were washed three times with PBS and washed again with distilled water. Alkaline-dye mixture was added by 200 µL/well and the plate was wrapped with foil and incubated for 20 minutes at 37℃ under dark condition.

Alizarin red staining
---------------------

After 24 hours of the initial cell culture to enable cell attachment, the growth medium was substituted for mineralizing medium, which was α-MEM containing 2% fetal bovine serum, supplemented with ascorbic acid (50 mg/mL) and β-glycerophosphate (10 mmol/L). This mineralizing medium was replaced on day 3, and calcium accumulation on day 7 was assessed using Alizarin red (Sigma-Aldrich) staining. Forty mmol/L of Alizarin red, buffered with ammonium hydroxide to pH 4.2, was prepared in distilled water and applied to the cells in the six-well plates for 30 minutes at room temperature with gentle agitation. The cells were then rinsed with distilled water and allowed to dry. Calcified nodules with bright red color were photographed.

Reverse-transcriptase polymerase chain reaction (RT-PCR)
--------------------------------------------------------

The expression of mineralization markers ALP, bone sialoprotein (BSP), osteocalcin (OCN), osteopontin (OPN) and osteonectin (OSN) was assessed using optimal primers designed with Primer express software. The primer sequences for each marker and for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control are detailed in [Table 1](#T1){ref-type="table"}.

After 3 or 7 days of culture, the total RNA was extracted from the MC3T3-E1 cells using Trizol reagent (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer\'s instructions. RNA reverse transcription was performed using AccuPower RT PreMix (Bioneer, Daejeon, Korea). The RT-generated DNA (2 - 5 µL) was amplified using an AccuPower PCR PreMix (Bioneer) for 30 cycles in a DNA thermal cycler. The PCR products were resolved on a 1.5% agarose gel and stained with ethidium bromide. The intensity of each band was normalized with GAPDH and quantified on the photographed gels using a densitometer (Quantity One, Bio-Rad, Hercules, CA, USA).

Statistical analysis
--------------------

A statistical analysis of the data was performed using a one-way analysis of variance followed by a Duncan test using the SPSS program (SPSS 12.0, SPSS GmbH, Munich, Germany). Statistical significance was set at *p* \< 0.05.

Results
=======

Alkaline phosphatase staining
-----------------------------

ALP staining for detecting ALP activity in cells revealed that the expression of ALP decreased largely in EMD-treated group with or without MTA than any other experimental or control group ([Figure 1](#F1){ref-type="fig"}).

Alizarin red staining
---------------------

Alizarin red staining for calcium revealed largely increased mineralization in the BMP-2- and MTA/BMP-2-treated groups and increased to a lesser extent in the EMD and MTA/EMD groups. However, the amount of mineralization showed a trend toward decreasing in the MTA-only cells compared to the negative control cells ([Figure 2](#F2){ref-type="fig"}).

RT-PCR gene expression analysis
-------------------------------

ALP, BSP, OCN, OPN and OSN served as markers of osteoblast differentiation and mineralization. ALP, BSP, OCN, OPN, and OSN gene expression were generally found to be up-regulated in the BMP-2-treated cells on days 3 and 7, but not all of these differences were statistically significant ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Nevertheless, in the MTA/BMP-2 group, the mRNA expression of OPN on day 3 and BSP and OCN on day 7 was significantly increased.

In the MTA/EMD group, OPN and OSN expression were significantly increased on day 3 and OSN and OCN levels were significantly increased on day 7, whereas ALP expression in the EMD and MTA/EMD groups was significantly down-regulated on days 3 and 7. Additionally, OCN expression on day 7 in the EMD-treated group was significantly up-regulated (*p* \< 0.05).

Discussion
==========

Factors, such as BMPs and EMD, play an important role in bioengineering, and there have been a number of reports of their use for tissue regeneration. BMPs are osteogenic factors that were originally identified as the active components within osteo-inductive extracts derived from bone and are capable of stimulating osteoblast differentiation and bone formation at ectopic sites.[@B15],[@B16] A previous report suggested that EMD may also stimulate odontoblasts or pulp cells directly to produce collagen matrix for calcification.[@B17] In this study, we compared the effects of MTA/BMP-2 and MTA/EMD on the hard tissue regeneration potential *in vitro*. Uniquely, ALP expression in the EMD and MTA/EMD groups was significantly down-regulated on days 3 and 7. This result is consistent with the previous finding of Palioto et al. that EMD had an inhibitory effect on ALP activity in human osteoblastic cells but not PDL cells.[@B18] ALP is a potential Ca^2+^ carrier and is well known to play an important role in osteogenic development by hydrolyzing inhibitors of mineral deposition. ALP activity has been considered to be an early marker of human dental pulp cell mineralization because ALP is generally up-regulated during the initial mineralization stage.[@B19] Wada et al. reported that the growth factors present in EMD play certain roles in regulating its bioactivity and TGF-β suppresses OCN gene expression in osteoblasts.[@B20] The TGF-β family blocks ALP and OCN gene expression during osteoblastic differentiation.[@B21] In addition, the effects of TGF-β on the expression of osteoblastic phenotypes have been shown to be suppressed when osteoblastic cells differentiate into mature stage counterparts, and TGF-β suppresses ALP activity in MC3T3-E1 osteoblastic cells.[@B22] Hence, ALP down-regulation in EMD-treated MC3T3-E1 cells appears to result from the suppressive effects of TGF-β.

OCN, the most abundant non-collagenous bone matrix protein, is a small γ-carboxyglutamate protein preferentially expressed by osteoblasts. OCN may regulate the activities of osteoclasts and their precursor cells and mark the turning point between bone formation and resorption. The exact role of OCN in bone is not yet completely understood, but its ability to regulate bone mineralization and turnover has been reported.[@B23] OCN is a major protein synthesized by osteoblasts, odontoblasts, and cementoblasts.[@B11] In our present study, OCN was found to be strongly up-regulated in BMP-2- or EMD-treated cells after seven days. Our findings are consistent with a previous report by Reseland et al. which showed that OCN expression was up-regulated in EMD-treated osteoblastic cells.[@B24] Among these genes, BSP is produced primarily by osteoblasts, is considered to be a marker of the osteoblastic phenotype and may serve as a matrix-associated signal that directly promotes osteoblast differentiation, resulting in increased production of a mineralized matrix.[@B25],[@B26] And the expressions of BSP and ALP on day 3 in MTA/BMP-2 group were significantly down-regulated than in BMP-2-only group. These findings can be explained by the expected inhibitory effect of MTA on the osteogenic activity of BMP-2. But this tendency was found to change on day 7. Therefore to clarify the interaction of MTA and BMP-2 affecting the expressions of such osteogenic gene markers, we think additional studies need to be performed. OPN is a secreted glycophosphoprotein and is found in both mineralized and non-mineralized tissues. Based on its strong inhibition of hydroxyapatite formation *in vitro*, OPN is believed to play a crucial role in modulating the apatite crystal growth of bone.[@B27] OPN has been reported to be required for stress-induced bone remodeling, as in ovariectomy or ectopic bone disc implantation.[@B28] The up-regulation of OPN expression by MTA/EMD has been demonstrated to be time dependent in murine cementoblasts and MG-63 cells, respectively.[@B29],[@B30] In our current study, OPN expression was found to be up-regulated in the MTA/BMP-2 and MTA/EMD groups on day 3, suggesting that the mineralization induced by combination of MTA and BMP-2 or EMD in MC3T3-E1 cells may promote OPN expression during an early stage. These findings are consistent with the results of a previous study that OPN is up-regulated in EMD-treated MTA groups on day 3.[@B14] In our previous study, we found that MTA and EMD significantly stimulated the mineralization of human cementum-derived cells, which is consistent with the findings of Weishaupt et al. who reported that the beneficial periodontal regeneration after treatment with EMD may be related to increased expression of the mineralization markers BSP and OPN at the mRNA level.[@B31]

OSN is a major non-collagenous matrix protein in bone and dentin and is found in bovine odontoblasts and predentin from human prenatal and postnatal samples.[@B32] OSN is associated spatially and temporally with development, tissue remodeling, and repair and may mediate deposition of hydroxyapatite, bind to growth factors, and influence the cell cycle. OSN is also a positive regulator of bone formation. In our present study, we found that OSN expression was up-regulated in the EMD and MTA/EMD groups on day 3. This finding is consistent with data from Papagerakis et al. who previously reported that OSN is expressed in the initial stages of the cyto-differentiation of tooth development, whereas OCN was only expressed during the later stages.[@B33] Differences in the timing of mRNA up-regulation may indicate different roles in MTA/EMD-induced mineralization.[@B34] However, further studies with longer observation periods are needed to properly assess this hypothesis.

Conclusions
===========

Within the limitations of our present study, we conclude that the MTA/BMP-2 combination promoted more rapid differentiation in MC3T3-E1 cells than MTA/EMD-treated cells during the early mineralization period. Further studies are needed to elucidate the exact mechanisms underlying the influence of these agents on hard tissue regeneration and their direct interaction with surrounding tissues over a longer period of time.
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![Alkaline phosphatase (ALP) expression in MC3T3-E1 cells in control and experimental groups. MC3T3-E1cells were cultured with or without treated materials for 7 days and stained with alkaline-dye mixture provided by an ALP staining kit. A representative photograph of ALP staining is shown, (a) control; (b) EMD; (c) BMP-2; (d) MTA; (e) MTA/EMD; (f) MTA/BMP-2. EMD, enamel matrix derivative; BMP, bone morphogenetic protein; MTA, mineral trioxide aggregate.](rde-39-187-g001){#F1}

![Formation of calcification nodules in each group in MC3T3-E1 cells. MC3T3-E1 cells were cultured with or without treated materials for 7 days and stained with Alizarin red. A representative photograph of Alizarin red staining is shown, (a) control; (b) EMD; (c) BMP-2; (d) MTA; (e) MTA/EMD; (f) MTA/BMP-2. EMD, enamel matrix derivative; BMP, bone morphogenetic protein; MTA, mineral trioxide aggregate.](rde-39-187-g002){#F2}

![The effects of BMP-2 and EMD on messenger RNA expression for ALP, BSP, OCN, OPN and OSN in MC3T3-E1 cells on days 3 (a) and 7 (b). The total mRNA was extracted from the cells, and mRNA expression was determined using RT-PCR. CON, control; BMP-2, bone morphogenetic protein-2; EMD, enamel matrix derivative; MTA, mineral trioxide aggregate; ALP, alkaline phosphatase; BSP, bone sialoprotein; OCN, osteocalcin; OPN, osteopontin; OSN, osteonectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse-transcription polymerase chain reaction analysis.](rde-39-187-g003){#F3}

![The fold change in the mRNA expression for ALP, BSP, OCN, OPN and OSN in MC3T3-E1 cells relative to the control on days 3 (a) and 7 (b). The control was assigned an optical density reference value of 1.0 (^\*^*p* \< 0.05). BMP-2, bone morphogenetic protein-2; EMD, enamel matrix derivative; MTA, mineral trioxide aggregate; ALP, alkaline phosphatase; BSP, bone sialoprotein; OCN, osteocalcin; OPN, osteopontin; OSN, osteonectin.](rde-39-187-g004){#F4}
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Primer sequences for each mineralizing marker and GAPDH for RT-PCR analysis
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ALP, alkaline phosphatase; BSP, bone sialoprotein; OCN, osteocalcin; OPN, osteopontin; OSN, osteonectin, GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse-transcription polymerase chain reaction analysis.
